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l  NTRODUCT l  ON 
I n  an e i g h t - y e a r  s t u d y  o f  p r e c i p i t a t i o n  and w a t e r - y i e l d  r e l a t i o n -  
s h i p s  on  t h e  Lake G l e n d a l e  Watershed, Boggess e t  a l  (1965)  suggested t h a t  t h e  
n a t u r e  o f  t h e  u n d e r l y i n g  f r a g i p a n  s o i l  had a  s i g n i f i c a n t  e f f e c t  o n  t h e  f l o w  
c h a r a c t e r i s t i c s  o f  t h e  d ra inage .  The o u t f l o w  hydrographs were c h a r a c t e r i z e d  
by s u s t a i n e d  r e c e s s i o n  legs,  i n d i c a t i n g  a  s u b s t a n t i a l  amount o f  de l -a ined o r  
de layed  f l o w .  The a u t h o r s  s t a t e d ,  "Water y i e l d  was composed o f  b o t h  sur face.  
( o v e r l a n d )  and s u b s u r f a c e  f l o w .  ... subsu r face  f l o w  was a  m a j o r  c o n t r i b u t o r  
t o  t o t a l  y i e l d ,  due b o t h  t o  t h e  presence o f  t h e  s l o w l y  permeable f r a g i p a n  
and t h e  r e l a t i v e l y  low m o i s t u r e  s t o r a g e  c a p a c i t i e s  o f  t h e  s o i l  p r o f i l e s . "  
Subsu r face  f l o w  was b e l i e v e d  t o  be l a r g e l y  made up o f  downslope seepage 
a l o n g  t h e  t o p  o f  t h e  f r a g i p a n ,  s i n c e  a  perched w a t e r  t a b l e  formed t h e r e  du r -  
i n g  p r o l o n g e d  p e r i o d s  o f  wet weather .  No a t t e m p t  was made i n  t h e i r  s t u d y  t o  
d e t e r m i n e  t h e  r e l a t i v e  amounts o f  s u r f a c e  and s u b s u r f a c e  f low. Research re -  
p o r t e d  i n  t h i s  pape r  was d i r e c t e d  toward  d e t e r m i n i n g  t h e  c o n t r i b u t i o n  o f  
each o f  t h e s e  f l o w  components i n  t h e  t o t a l  w a t e r  y i e l d  f rom t h e  G r a n t s b u r g  
s o i  I s .  
L  I TERATIJRE REV I EW 
The t e r m  "subsu r face  f low" has been used i n  v a r y i n g  c o n t e x t s  i n  
t h e  p a s t ;  t h e r e f o r e ,  a  c o n c i s e  e tymology  i s  needed. A p p a r e n t l y  t h e  f i r s t  
r eco rded  concep t  o f  s u b s u r f a c e  f l o w  was o u t l i n e d  by Lowderm i l k  ( 1 9 3 4 ) )  who 
l i s t e d  " s h a l l o w  seepage o r  d i s c h a r g e  f r o m  wet  weather  s p r i n g s "  as a  compo- 
n e n t  o f  s t o r m - r u n o f f .  Two y e a r s  l a t e r ,  Hursh ( 1 9 3 6 ) )  w r i t i n g  o f  
L o w d e r m i l k ' s  o b s e r v a t i o n s  and h i s  own, d e f i n e d  s e v e r a l  t e rms  a p p l i c a b l e  t o  
t h e  f l o w  i n  q u e s t i o n .  F i  r s t ,  he l  i s t e d  "storm-seepage o r  subsu r face -  
s t o r m f l o w  as t h a t  p o r t i o n  o f  t h e  s t o r m f l o w  wh ich  i n f i l t r a t e s  i n t o  t h e  s u r -  
f a c e  s o i  l b u t  moves away f r o m  t h e  a rea  t h r o u g h  t h e  upper  s o i  l  h o r i z o n s  a t  a  
r a t e  much i n  excess  o f  normal g round-water  seepage." He a l s o  d e f i n e d  t h e  
t e r m  " s u b s u r f a c e  r u n o f f  as t h a t  p o r t i o n  o f  r u n o f f  l e a v i n g  a  d r a i n a g e  a rea  
as s u b s u r f a c e  f l o w  a s s o c i a t e d  w i t h  s t r e a m  channe ls . "  Hursh p r e f e r r e d  t h e  
t e r m  " s t o r m  seepage." 
Barnes i n  1936 (1939)  a l s o  obse rved  t h e  phenomena o f  s u b s u r f a c e  
f l o w  and c a l l e d  it "secondary base f l ow . "  However, i n  1939 he used t h e  
t e r m  " s t o r m  seepage" and d e f i n e d  it as c o n s i s t i n g  o f  "wa te r  wh ich  has pene- 
t r a t e d  o n l y  t h e  upper  s o i  l  l a y e r s  d u r i n g  a  r a i n s t o r m  o r  thaw and has f i l -  
t e r e d  more o r  l e s s  h o r i z o n t a l l y  t h r o u g h  t h e  s o i l  t o  d i s c h a r g e  i n t o  t h e  
s t ream-sys tem by seepage." Hursh and B r a t e r  ( 194 1 a g a i n  r e f e r r e d  t o  t h e  
phenomenon as storm-seepage. I n  a  l a t e r  paper ,  Hursh and Hoover (1941)  used 
t h e  t e r m  "subsu r face  l a t e r a l  f l o w "  as  r e p r e s e n t i n g  "a b a s i c  component o f  
s t o r m  r u n o f f  f r om n a t u r a l  f o r e s t  p r o f i l e s  when t h e y  a r e  f u n c t i o n i n g  a t  o r  
n e a r  a  p o i n t  when f r e e  d r a i n i n g  g r a v i t y  w a t e r  i s  p r e s e n t  i n  t h e  upper  s o i l  
h o r i z o n s . "  Barnes ( 1944) used s t i  l  l  a n o t h e r  te rm,  " i  n t e r f  low," t o  d e s c r i b e  
t h e  f l o w  i n t e r m e d i a t e  between s u r f a c e  and groundwater  f l o w .  I n t e r f l o w  i s  
- 
a l s o  used by L i n s l e y ,  K o h l e r ,  and Pauh lus  (1958)  t o  d e s c r i b e  w a t e r  wh ich  i n -  
f i l t r a t e s  t h e  s o i l  s u r f a c e  and moves l a t e r a l l y  t h r o u g h  t h e  upper  s o i l  l a y e r s  
u n t i  1 i t  reaches a  s t ream channe l .  
Chow ( 1964), i n  t h e  "Handbook o f  App l  i e d  Hydro logy , "  d e f i n e d  t h e  
synonyms: s u b s u r f a c e  r u n o f f ,  s u b s u r f a c e  f l o w ,  I n t e r f l o w ,  s u b s u r f a c e  s torm-  
f l o w ,  and s t o r m  seepage a s :  " t h e  r u n o f f  due t o  t h a t  p a r t  o f  t h e  p r e c i p i t a -  
t i o n  wh ich  i n f i l t r a t e s  t h e  s u r f a c e  s o i l  and moves l a t e r a l l y  t h r o u g h  t h e  
upper  s o i  l h o r i z o n s  toward  t h e  s t reams as ephemeral ,  sha l  low, perched ground- 
w a t e r  above t h e  main g roundwa te r  l e v e l .  A  p a r t  o f  t h e  s u b s u r f a c e  r u n o f f  may 
e n t e r  t h e  s t ream p r o m p t l y ,  w h i l e  t h e  r e m a i n i n g  p a r t  may t a k e  a  l ong  t i m e  be- 
f o r e  j o i n i n g  t h e  s t reamf  low." Subsu r face  f l o w  i s  t h e  t e r m  used i n  t h i s  paper  
and i s  encompassed by Chow's d e f i n i t i o n .  
The re  i s  c o n s i d e r a b l e  l i t e r a t u r e  c o n c e r n i n g  s u b s u r f a c e  f l o w ;  how- 
e v e r ,  i t i s  approached f r o m  a  watershed b a s i s  and t h e  a n a l y s i s  o f  s t o r m  hydro-  
g raphs.  These methods a r e  a r b i t r a r y  and d i f f e r  a c c o r d i n g  t o  r e g i o n  and t h e  
i n d i v i d u a l  i n v e s t i g a t o r .  R e c e n t l y ,  H e w l e t t  and H i b b e r t  (1965)  proposed a  
response f a c t o r  f o r  c l a s s i f y i n g  t h e  h y d r o l o g i c  response o f  s m a l l  watersheds 
i n  humid a reas .  I n  t h e i r  concep t  t h e  t r a d i t i o n a l  hyd rog raph  s e p a r a t i o n s  a r e  
d i s c a r d e d  and r e p l a c e d  by two  components: s i m p l y ,  q u i c k  f l o w  and de layed  
f low. Hydrographs o f  expe r imen ta  l watersheds r e p r e s e n t  an i n t e g r a t i o n  o f  
many f a c t o r s .  A l t hough  u n i t  watershed s t u d i e s  a r e  i m p o r t a n t  and u s e f u  I ,  t h e y  
do n o t  a l l o w  d i r e c t  e x a m i n a t i o n  o f  t h e  c o n t r i b u t i o n  o f  s p e c i f i c  p a r t s  o f  t h e  
watershed ecosystem ( C o l e  and Gessel ,  1965). 
An a l t e r n a t i v e  t o  t h e  b a s i n  approach i s  t h e  use o f  a  sample p l o t  
t e c h n i q u e .  Four r e p r e s e n t a t i v e  s t u d i e s  have used p l o t  t e c h n i q u e s  t o  d e f i n e  
s u b s u r f a c e  f l o w  i n  t h e  s o i l  p r o f i l e .  I n  g e n e r a l ,  t h e s e  have been done i n  
humid a r e a s  o n  we l l - deve loped  s o i l s  conduc i ve  t o  a  l a r g e  s u b s u r f a c e  f l o w  
component. Hursh and Hoover (1941 )  conduc ted  sou rce  o f  f l o w  expe r imen ts  on 
deep f o r e s t  s o i l s  i n  t h e  Southern  A p p l a c h i a n  Region.  They used 8  x  8  f o o t  
p l o t s  i s o l a t e d  on t h r e e  s i d e s  by a  c o n c r e t e  w a l l  3  f e e t  deep and 5 i nches  
t h i c k .  On t h e  downslope f a c e  a  c o l l e c t i o n  t r o u g h  f o r  s u r f a c e  f l o w  was p l a c e d  
on t o p  o f  t h e  m i n e r a l  s o i l  and a n o t h e r  a b o u t  12 i nches  deep and a p p r o x i m a t e l y  
a t  t h e  b o t t o m  o f  t h e  A h o r i z o n .  The p l o t s  on  20 -pe rcen t  s l o p e s  were w e t t e d  t o  
n e a r  f i e l d  c a p a c i t y  b e f o r e  r u n o f f  measurements were made. Under a r t i f i c i a l  
r a i n f a l l  o f  1.60 i nches  p e r  h o u r  f o r  15 m i n u t e s  ( a  t o t a l  o f  0.40 i n c h ) ,  s u r -  
f a c e  r u n o f f  accounted f o r  2 i  p e r c e n t ;  s u b s u r f a c e  r u n o f f  (between t h e  s u r f a c e  
and t h e  t o p  o f  t h e  B h o r i z o n )  accounted f o r  124 p e r c e n t ;  and t h e  r e m a i n i n g  
85 p e r c e n t  (minus  e v a p o t r a n s p i r a t i o n )  p e r c o l a t e d  below t h e  o n e - f o o t  l e v e l .  
Hursh  and Hoover s t r e s s e d  t h e  impor tance o f  b i o l o g i c a l  a c t i v i t y  i n  t h e  upper  
s o i l  h o r i z o n s ,  s a y i n g :  "Roots have p e n e t r a t e d  deep ly  . .. The annual  decay o f  
some r o o t s . . . a n d  t h e i r  subsequent  c h a n n e l i n g  by m ic roo rgan isms  and sma l l  i n -  
s e c t s  c r e a t e d  r e l a t i v e l y  l a r g e  c o n t i n u o u s  open ings  t h a t  s e r v e  as h y d r a u l i c  
pathways f o r  t h e  r a p i d  movement o f  w a t e r . "  On comparab le  p l o t s  where l  i t t e r  
was removed f o r  t h r e e  years ,  t h e r e b y  r e d u c i n g  t h e  b i o l o g i c  a c t i v i t y  and caus-  
i n g  p u d d l i n g  o f  t h e  s u r f a c e ,  s u r f a c e  f l o w  was 20 t i m e s  h i g h e r  t h a n  on  u n d i s -  
t u r b e d  p l o t s .  
H e w l e t t  ( 1961 )  conducted p r e l i m i n a r y  expe r imen ts  on  deep f o r e s t  
so  i l s  a t  t h e  Coweeta H y d r o l o g i c  L a b o r a t o r y  i n  wes te rn  N o r t h  Caro l  i na i n  an 
a t t e m p t  t o  e x p l a i n  l ong  p e r i o d s  o f  b a s e f l o w  i n  an a r e a  a p p a r e n t l y  l a c k i n g  i n  
g roundwa te r  a q u i f e r s .  He t h e o r i z e d  t h a t  w a t e r  i n  t h e  f i e l d  c a p a c i t y  range 
must  s e r v e  as t h e  main s t o r a g e  a q u i f e r  and s o u r c e  o f  b a s e f l o w  on  s t e e p  s l o p e s .  
S o i l  m o i s t u r e  movement was measured i n  an a r t i f i c i a l  s o i l  p r o f i l e  18 i nches  
deep, 24 i nches  wide, and 32 f e e t  l c n g  on a  40 -pe rcen t  s l o p e .  R e s u l t s  f r o m  
t h e  d r a i n a g e  o f  t h i s  model, when m u l t i p l i e d  by a p p r o p r i a t e  f a c t o r s ,  were 
e q u i v a l e n t  t o  abou t  0 .3  c u b i c  f o o t  p e r  second p e r  squa re  m i l e .  T h i s  was 
w i t h i n  t h e  range  o f  minimum low f l o w s  f r o m  t h e  Coweeta Watershed. Aga in  a  
p l o t  t e c h n i q u e  was r e q u i r e d  t o  d e t e r m i n e  t h e  s p e c i f i c  n a t u r e  o f  t h e  f l o w .  
Wh i pkey ( 1965 deve loped a  "no-boundary" p  l o t  f o r  t h e  measurement 
o f  f l o w  f rom v a r i o u s  l a y e r s  i n  a  s o i  l  p r o f  i l e  d u r i n g  and a f t e r  c o n t r o l  l e d  
" a r t i f i c i a l  r a i n . "  Timed v o l u m e t r i c  samples were t a k e n  f rom a  s e r i e s  o f  
t r o u g h s  i n s t a l l e d  i n  a  p i t  so  t h a t  f l o w  seep ing  o u t  o f  v a r i o u s  s o i l  l a y e r s  
c o u l d  be d e f i n e d .  A l t h o u g h  f o u r  y e a r s  o f  d a t a  have been c o l l e c t e d ,  t h e s e  r e -  
s u l t s  have n o t  been p u b l i s h e d .  The sys tem i s  c o n s i d e r e d  r e l i a b l e  and w i l l  be 
used t o  s t u d y  t h e  e f f e c t  o f  s o i l  t y p e s  and t e x t u r a l  d i f f e r e n c e s  w i t h i n  s o i l  ' 
t y p e s  i n  c o n v e r t i n g  r a i n f a l l  i n t o  s t o r m f l o w .  The p l o t  t e c h n i q u e  was deve loped 
i n  o r d e r  t o  b e t t e r  unde rs tand  t h e  s t o r m f  low processes i n  t h e  Al l  egheny- 
Cumberl and P l a t e a u  r e g i o n .  
Gessel and C o l e  (1965)  s t u d i e d  t h e  w a t e r  and n u t r i e n t  e lemen t  move- 
ment t h r o u g h  a  f o r e s t  ecosystem n e a r  S e a t t l e ,  Washington.  The s t u d y  a r e a  was 
i n  a  35-year-o l  d  Doug l  a s - f  i r ( suga m e n z i e s i i  ( M i r b . )  F ranco )  s t a n d  
g r o w i n g  o n  Ba rnes ton  g r a v e l l y  loam, a  s o i l  o r i g i n a t i n g  f r o m  g l a c i a l  outwash.  
Ten th -ac re  p l o t s  were equ ipped w i t h  s i x  t e n s i o n  m i c r o l y s i m e t e r s .  Four  o f  t h e  
l y s i m e t e r  p l a t e s  were s e t  a t  a  d e p t h  o f  36 inches,  and two  were j u s t  beneath  
t h e  f o r e s t  l i t t e r .  P r e v i o u s  s t u d i e s  had shown t h a t  40 t o  70 p e r c e n t  o f  t h e  
incoming p r e c i p i t a t i o n  m i g h t  appear  as s u b s u r f a c e  f l o w .  I n  t h e  1965 s t u d y ,  
f l o w  r a t e s  reached 0.1 i n c h  p e r  h o u r  a t  t h e  36- inch d e p t h  under  n a t u r a l  c o n d i -  
t i o n s ,  and 0.2 i n c h  p e r  hou r  a f t e r  c l e a r - c u t t i n g .  
I n  each o f  t h e s e  cases, p l o t s  were necessary  t o  d e t e r m i n e  p r e c i s e l y  
t h e  f l o w  c o n t r i b u t i o n  o f  a  s p e c i f i c  l a y e r  i n  t h e  s o i l  p r o f i l e .  The dense ly  
compacted f r a g  i pan c h a r a c t e r i s t i c  o f  t h e  G r a n t s b u r g  s e r i e s  o b v i o u s l y  r e -  
s t r i c t s  t h e  downward p e r c o l a t i o n  o f  w a t e r  and f o r c e s  a  s u b s t a n t i a l  l a t e r a l  
movement t o  t h e  stream channels o r  i n t e r s e c t i n g  s l o p i n g  sur faces .  The magni- 
tude  o f  subsurface f l ow  over  t h e  top  o f  t h e  f r ag ipan  can perhaps bes t  be 
determined w i t h  a  p l o t  technique.  
AREA DESCRIPTION 
The U n i v e r s i t y  o f  I l l i n o i s  D ixon  S p r i n g s  A g r i c u l t u r a l  Cen te r  i s  
l o c a t e d  i n  n o r t h e r n  Pope County i n  s o u t h e r n  I  l  l  i n o i s .  A  genera l  d e s c r i p t i o n  
o f  s o u t h e r n  I l l i n o i s  w i l l  be d e l i n e a t e d  w i t h  emphasis on  t h e  G r a n t s b u r g  s o i l .  
F i g u r e  I  shows t h e  a r e a l  e x t e n t  o f  t h e  Gran tsbu rg  and a s s o c i a t e d  s o i l s .  
Phys iography 
The m a j o r i t y  o f  t h e  G r a n t s b u r g  s o i l s  a r e  l o c a t e d  i n  t h e  Shawnee . 
Hi  l  I s  s e c t i o n  o f  t h e  I n t e r i o r  Low P l a t e a u s  P r o v i n c e  ( F i g .  I )  as  d e s c r i b e d  
by L e i g h t o n  e t  a l  ( 1948 ) .  P o p u l a r l y  known as t h e  " l l l i n o i s  Ozarks," t h e  
Shawnee H i  l  l  s  a r e  c h a r a c t e r i z e d  by a  ma tu re  d e n d r i t i c  d r a i n a g e  p a t t e r n  deep- 
l y  i n c i s e d  i n t o  e s s e n t i a l l y  l e v e l  bedded sed imen ta ry  bedrock  p r e d o m i n a t e l y  o f  
sandstone (McCormack, 1960). S m a l l e r  a reas  o f  Gran tsbu rg  t o  t h e  n o r t h  l i e  
i n  t h e  M t .  Vernon H i l l  Coun t r y  o f  t h e  C e n t r a l  Lowland P r o v i n c e  ( L e i g h t o n ,  
1948).  The H i l l  Coun t r y  composes t h e  s o u t h e r n  p o r t i o n  o f  t h e  I l l i n o i s  d r i f t  
s h e e t  and i s  c h a r a c t e r i z e d  by mature  topog raphy  o f  low r e l i e f  w i t h  r e s t r i c t e d  
up land  p r a i r i e s  and broad a l  l  u v i a l  v a l  l e y s  a l o n g  t h e  l a r g e r  s t reams.  
Gran tsbu rg  s o i l s  o c c u r  a t  e l e v a t i o n s  r a n g i n g  f r o m  400 t o  1,100 f e e t  
above sea l e v e l .  S lopes a r e  u s u a l l y  w e l l  rounded, a l t h o u g h  a b r u p t  s l o p e  
changes w i t h  r o c k  o u t c r o p s  a r e  n o t  uncommon. The e n t i  r e  s e r i e s  d r a i n s  i n t o  
t h e  O h i o  R i v e r .  The Gran tsbu rg  s o i l s  o c c u r  p r i m a r i l y  o n  convex s l o p e s  and 
some concave l ower  v a l l e y  s l o p e s .  I t  i s  e s t i m a t e d  t h a t  18 p e r c e n t  o f  t h e s e  
s o i  l  s  o c c u r  on I  i- t o  4 -pe rcen t  s  lopes,  30 p e r c e n t  on  4- t o  7 -pe rcen t  s  lopes ,  
48 p e r c e n t  on  7- t o  12-percent  s lopes ,  and 4  p e r c e n t  on 12- t o  18-percent  
(McCormack, 1960).  

Geo l  ogy 
The bed rock  u n d e r l y i n g  t h e  n o r t h e r n  t w o - t h  i r d s  o f  t h e  G r a n t s b u r g  
s o i l s  i s  c l a s s i f i e d  as t h e  T radewa te r  and C a s e y v i l l e  g roups  o f  t h e  lower  
Pennsy l van ian  s e r i e s .  The s o u t h e r n  o n e - t h i r d  i s  u n d e r l a i n  by t h e  upper  and 
m i d d l e  C h e s t e r  g roups  o f  t h e  upper M i s s i s s i p p i a n  s e r i e s .  A  I -  t o  3 - f o o t  zone 
o f  weathered sandstone u s u a l l y  o c c u r s  on  t o p  o f  t h e  bedrock .  F a u l t i n g  i s  
p r e v a l e n t  i n  s o u t h e r n  and e a s t e r n  Pope and H a r d i n  c o u n t i e s  (P ryo r ,  1956).  
Groundwater  s u p p l y  i s  c o n s i d e r e d  poor ,  w i t h  most  domes t i c  w e l l s  p e n e t r a t i n g  
t h e  sandstone s t r a t a  i n  t h e  Pennsy l van ian  system i n  n o r t h e r n  Pope County, 
and t h e  f a u l t e d  C h e s t e r  r o c k s  i n  s o u t h e r n  Pope and H a r d i n  c o u n t i e s .  Deeper 
w e l l s ,  s u f f i c i e n t  f o r  m u n i c i p a l  and i n d u s t r i a l  s u p p l i e s ,  p e n e t r a t e  t h e  c r e v -  
i c e d  Valmeyer l imes tone  beneath  t h e  C h e s t e r  rocks .  The b e t t e r  sandstone 
w e l l s  n e a r  t h e  D ixon  S p r i n g s  A g r i c u l t u r a l  C e n t e r  s a f e l y  y i e l d  6  t o  8  g a l l o n s  
p e r  m i n u t e .  
The s o i l  p a r e n t  m a t e r i a l  i s  l o e s s  3$ t o  10 f e e t  deep t h a t  o v e r l i e s  
t h e  sandstone bedrock.  
CI ima te  
The c l i m a t e  o f  I l l i n o i s  has been d i scussed  i n  d e t a i l  by Page 
(1949) .  From t h i s  work, Bazzaz (1963)  e x t r a c t e d  t h e  f o l l o w i n g  p e r t i n e n t  i n -  
f o r m a t i o n  f o r  s o u t h e r n  I l l i n o i s :  
Sou the rn  I l l i n o i s  has a  c o n t i n e n t a l  c l i m a t e ,  w i t h  h o t  sum- 
mers and c o o l  t o  c o l d  w i n t e r s  due t o  i t s  m i d - c o n t i n e n t  l o c a t i o n  
away f r o m  m a j o r  w a t e r  bod ies .  Much o f  t h e  p r e c i p i t a t i o n  i n  I l l i -  
n o i s  i s  a s s o c i a t e d  w i t h  t h e  c o a l i t i o n  o f  warm, m o i s t  G u l f  a i r  
masses w i t h  c o l d  c o n t i n e n t a l  a i r  masses moving a c r o s s  t h e  s t a t e .  
D u r i n g  t h e  c o l d e s t  h a l f  o f  t h e  year ,  t e m p e r a t u r e s  i n  s o u t h e r n  I l l i -  
n o i s  a r e  s u f f i c i e n t l y  warm t o  p roduce  t h u n d e r s t o r m s  and summer t y p e  
p r e c i p i t a t i o n .  H i g h e s t  mon th l y  p r e c i p i t a t i o n  o c c u r s  d u r i n g  March, 
A p r i l ,  and May (4.35 t o  4.99 i n . ) ,  w h i l e  September and Oc tobe r  a r e  
t h e  d r i e s t  months (2 .68  t o  2.86 i n . ) .  The h i g h e r  w i n t e r  p r e c i p i t a -  
t i o n  i n  t h i s  a r e a  r e s u l t s  f r o m  t h e  i n c r e a s e d  w i n t e r  c y c l o n i c  a c t i v -  
i t y .  I n  a d d i t i o n  t o  t h e s e  v a r i a t i o n s  f rom month t o  month, t h e r e  i s  
q u i t e  a  v a r i a t i o n  i n  mon th l y  and annual  p r e c i p i t a t i o n  f r o m  y e a r  t o  
y e a r  ( T a b l e  I ) .  Of t h e  t o t a l  p r e c i p i t a t i o n ,  l e s s  t h a n  10 p e r c e n t  
f a l l s  as snow ( 1 0  t o  14 i n .  o f  snow) w i t h  t h e  h i g h e s t  amount f a l l -  
i n g  d u r i n g  t h e  month o f  February .  A l t h o u g h  t h e  Ozark  r e g i o n  r e -  
c e i v e s  more m o i s t u r e  t h a n  any o t h e r  p a r t  o f  t h e  s t a t e ,  it i s  
s u b j e c t e d  t o  d rough ts  d u r i n g  t h e  summer. They a r e  f r e q u e n t l y  o f  
such a d u r a t i o n  and i n t e n s i t y  t h a t  t h e y  s e r i o u s l y  a f f e c t  p l a n t  de- 
ve lopment  (Bazzaz, 1963). 
Twen ty -s i x  y e a r s  o f  p r e c i p i t a t i o n  r e c o r d s  f o r  t h e  D ixon  S p r i n g s  
A g r i c u l t u r a l  C e n t e r  a r e  shown i n  T a b l e  I .  Mean annua l ,  maximum, and minimum 
p r e c i p i t a t i o n  on  r e c o r d  (1938-1965) were 46.83 inches,  71.4 i nches  (19491, 
and 29.5 i nches  (1944) ,  r e s p e c t i v e l y .  Record maximum, minimum, and mean 
m o n t h l y  p r e c i p i t a t i o n  i s  a l s o  g i v e n .  
Extreme v a r i a t i o n s  i n  t e m p e r a t u r e  a r e  expec ted  i n  such a c l  i -  
mate. These v a r i a t i o n s  a r e  c o n s i d e r a b l y  l e s s  d u r i n g  t h e  warmer 
ha1 f o f  t h e  y e a r .  I n  Southern  I l  I  i n o i s  w i n t e r s  a r e  mi l d e r  when 
compared w i t h  t h e  r e s t  o f  t h e  s t a t e .  J u l y  i s  t h e  warmest month o f  
t h e  y e a r  w i t h  a mean o f  80' F., w h i l e  January  i s  t h e  c o l d e s t  w i t h  
a mean o f  37O F. 
The l e n g t h  o f  t h e  g r o w i n g  season, d e f i n e d  as t h e  number o f  
days between t h e  d a t e  o f  l a s t  k i l l i n g  f r o s t  i n  s p r i n g  and t h e  f i r s t  
one i n  t h e  f a l l ,  i s  between 190 and 200 days i n  t h e  e a s t e r n  p a r t  o f  
t h e  Ozarks and up t o  210 days i n  t h e  wes te rn  p a r t .  T h i s  p e r i o d  ex-  
t ends ,  on  t h e  average,  f rom A p r i l  13 t o  Oc tobe r  23 . .. (Bazzaz) ,  1963).  
Hydro  l  oqy 
Of t h e  annual  average p r e c i p i t a t i o n  o f .  44 i nches  i n  s o u t h e r n  I l l i -  
n o i s ,  14 t o  17 i nches  o c c u r  as  s t r e a m f l o w .  Minimum r u n o f f  f o r  6-, 12-, 18-, 
and 24-month p e r i o d s  average 0.10, 1.00, 2.00, and 6.00 inches,  r e s p e c t i v e l y .  
The l owes t  annual  p r e c i p i t a t i o n  expec ted  once i n  f i v e  y e a r s  i s  36 inches,  
w i t h  20 i nches  o c c u r r i n g  once i n  50 y e a r s .  The h i g h e s t  annual  p r e c i p i t a t i o n ,  
expec ted  t o  o c c u r  once i n  f i v e  yea rs ,  i s  54 inches,  and 70 i nches  once i n  50 
yea rs .  Thunders torms o c c u r  an average o f  54 t i m e s  p e r  year ,  w i t h  a maximum 
o f  10 s to rms  i n  June. E v a p o t r a n s p i r a t i o n  ranges f rom 28 t o  30 inches,  o f  
wh ich  90 p e r c e n t  o c c u r s  i n  t h e  s i x -mon th  p e r i o d  f rom A p r i l  t h r o u g h  September. 
The p o t e n t i a l  e v a p o t r a n s p i r a t i o n  ranges f r o m  34 t o  36 inches,  i n d i c a t i n g  an 
Table I .  Twenty-six-year r a i n f a l l ,  Glendale Experiment S t a t i o n  
(Dixon Springs A g r i c u l t u r a l  Cente r ) .  
Month 
Jan. Feb. March Apr i  l May June J u l y  Auq. Sept. Oct. Nov. Dec. T o t a l  
Average 4.13 3.86 5.24 4.16 4.67 3.78 3.92 4.10 3.08 2.45 3.52 3.52 46.31 
Minimum' 0.28 0.24 0.73 1.43 1.99 0.42 0.87 1.20 0.80 0.00 0.40 0.47 -- 
Maximum 17.29 8.81 12.10 8.13 11.05 10.57 14.25 9.36 11.24 6.56 9.97 8.89 -- 
' ~ h e  lowest annual p r e c i p i t a t i o n  was 29.54 inches i n  1944, and t h e  h i ghes t  was 71.39 i n  1949. 
average annual  s o i l  m o i s t u r e  d e f i c i t  o f  4  t o  8  inches ( I l l i n o i s  S t a t e  Water 
Survey,  1957).  
On t h e  Lake G l e n d a l e  Watershed, t h e  mean annual  p r e c i p i t a t i o n  
(1954-62) was 48.7 inches,  and r u n o f f  accounted f o r  16.7 i nches  p e r  year ,  
o r  34 p e r c e n t  o f  t h e  average annual p r e c i p i t a t i o n .  E v a p o t r a n s p i r a t i o n  and 
o t h e r  l osses  accounted f o r  t h e  d i f f e r e n c e ,  a p p r o x i m a t e l y  t w o - t h i r d s  o f  t h e  
average annual  p r e c i p i t a t i o n .  The r e g r e s s i o n  o f  wa te r - yea r  r u n o f f  on  
A 
wate r - yea r  p r e c i p i t a t i o n  f o l l o w s  t h e  r e l a t i o n s h i p  Y = 0.51X - 8.40 
(Boggess e t  a l ,  1965). 
S t reamf low  i n  s o u t h e r n  I l l i n o i s  i s  h i g h l y  seasona l .  Con t i nuous  . 
f l o w  u s u a l l y  o c c u r s  d u r i n g  t h e  " w i n t e r "  (November t h r o u g h  May), when t h e  s o i l  
p r o f  i l e s  a r e  f u l  l y  recharged and e v a p o t r a n s p i r a t i o n  demands a r e  a t  a  minimum. 
D u r i n g  t h e  g row ing  season, s o i l  m o i s t u r e  r e s e r v e s  a r e  r a p i d l y  dep le ted ,  
s t reams d r y  up, and a c t i v e  f l o w  o c c u r s  o n l y  a f t e r  l ong  p e r i o d s  o f  r a i n f a l  I ,  
o r  as t h e  r e s u l t  o f  i n t e n s i v e  s torms.  
The p e r i o d i c i t y  o f  f l o w  has been de te rm ined  f o r  an i n t e r m i t t e n t  
s t ream wh ich  d r a i n s  h a l f  o f  t h e  2 .11-square-mi le  Lake G l e n d a l e  Watershed 
(Boggess and R u s s e l l ,  1964). F o r  an e i g h t - y e a r  p e r i o d ,  t h e  average annual  
number o f  days w i t h o u t  f l o w  v a r i e d  f rom 76 t o  153, o r  an average o f  121 days. 
D u r i n g  t h e  d r i e r  summer months (June t h r o u g h  O c t o b e r ) ,  f l o w  may n o t  o c c u r  a t  
a l l  f o r  any one month. The e i g h t - y e a r  average f l o w  f o r  t h e  month o f  Septem- 
b e r  was l e s s  t h a n  t h r e e  days. There  was no f l o w  f o r  f o u r  y e a r s  i n  b o t h  Sep- 
tember  and October ,  w h i l e  t h e r e  was c o n t i n u o u s  f l o w  e v e r y  y e a r  f o r  t h e  months 
o f  February ,  March, and A p r i  I .  
V e g e t a t i o n  
Deciduous f o r e s t s  a r e  n a t i v e  t o  s o u t h e r n  I l l i n o i s .  Th ree  r e g i o n a l  
t y p e s  a r e  d e l i n e a t e d  by Braun (1964) .  The l a r g e s t ,  c e n t r a l l y  l o c a t e d  a r e a  i s  
- 
t h e  P r a i r i e  P e n i n s u l a  S e c t i o n  o f  t h e  N o r t h e r n  Oak-Hickory Region.  The I n t e r i o r  
H i g h l a n d s  S e c t i o n  o f  t h e  Southern  Oak-Hickory Region o c c u p i e s  a  sma l l  s e c t i o n  
a l o n g  t h e  M i s s i s s i p p i  R i v e r ,  and t h e  H i l l  S e c t i o n  o f  t h e  Western Mesophy t i c  
Region o c c u p i e s  a  sma l l  s e c t i o n  a l o n g  t h e  Oh io  R i v e r .  
Essex and Ganser (1965)  i n c l u d e  i n  t h e  16 southernmost  c o u n t i e s  a  
l a r g e  a r e a  o f  oak-h i c k o r y  f o r e s t ,  oak-gum-cypress f o r e s t  a l o n g  t h e  p r e s e n t  
and a n c i e n t  r i v e r  v a l l e y s ,  and e lm-ash-cot tonwood f o r e s t  t oward  t h e  n o r t h e r n  
i n t e r i o r  o f  t h e  s o u t h e r n  u n i t .  T h i r t y  p e r c e n t  o f  t h e  l and  i s  f o r e s t e d ,  w i t h  
70 p e r c e n t  i n  c r o p l a n d ,  p a s t u r e ,  range, and o t h e r  land.  Of t h e  commercia l  
f o r e s t  a r e a  (1,086,000 a c r e s ) ,  96 p e r c e n t  i s  i n  hardwoods, 3  p e r c e n t  i n  p i n e s  
( p l a n t e d ) ,  and I p e r c e n t  i n  t h e  oak -p ine  t y p e .  
Soi  I s  
The Gran tsbu rg  and r e l a t e d  s o i  l  s  s e r i e s  a r e  o f  paramount conce rn  i n  
t h i s  s t u d y  o f  t h e  s u b s u r f a c e  f l o w .  The Gran tsbu rg  s e r i e s  compr i ses  moder- 
a t e l y  w e l l - d r a i n e d  Grey-Brown P o d z o l i c  i n t e r g r a d i n g  t o  Red-Yel low P o d z o l i c  
s o i l s  ( b y  t h e  7 t h  Approx ima t ion ,  t h e  c l a s s i f i c a t i o n  i s :  Order ,  A l f i s o l ;  
Suborder,  U d a l f ;  G r e a t  Group, F r a g i u d a l f ;  Subgroup, T y p i c  F r a g i u d a l f ;  Fami l y ,  
F i n e  s i l t y ,  Mixed, Mesic;  S e r i e s ,  G r a n t s b u r g )  deve loped i n  l oess  80 i nches  o r  
l e s s  i n  t h i c k n e s s  (Fahrenbacher,  1965).  These s o i  I s  a r e  c h a r a c t e r i z e d  by a  
m o d e r a t e l y  w e l l  t o  s t r o n g l y  deve loped f r a g i p a n  o c c u r r i n g  24 t o  36 i nches  be- 
low t h e  s u r f a c e  and 24 t o  36 i nches  t h i c k ,  a l t h o u g h  t h e  l ower  boundary i s  
o f t e n  i n d e f i n i t e  (Fehrenbacher,  1956). The f r a g i p a n ,  wh ich  l i m i t s  b o t h  r o o t  
p e n e t r a t i o n  and t h e  downward movement o f  w a t e r  (Boggess, 19631, i s  d e f i n e d  a s :  
"a h o r i z o n  i n  t h e  p r o f i l e  t h a t  i s  v e r y  s l o w l y  permeable, compact o r  dense, 
h a r d  (and b r i t t l e )  when d ry ,  and m o d e r a t e l y  f r i a b l e  t o  f r i a b l e  when m o i s t  
( W i n t e r s  and Simonson, 1951)."  F rag ipans  i n  I l l i n o i s  d i f f e r  f r o m  c l a y p a n s  i n  
t h a t  t h e y  a r e  u s u a l l y  r e l a t i v e l y  low i n  c l a y  b u t  have a  h i g h  s i l t  and /o r  sand 
- 
c o n t e n t  (Fehrenbacher,  1956). I n  a d d i t i o n ,  f r a g i p a n s  i n  I l l i n o i s  i n v o l v e  t w o  
o t h e r  m o r p h o l o g i c a l  f e a t u r e s :  ( I )  The f r a g i p a n  i s  f ound  w i t h i n  t h e  l ower  
sequum o f  a  b i s e q u a l  solum; and ( 2 )  t h e  o c c u r r e n c e  i n  t h e  l ower  sequum o f  a  
p o l y g o n a l  ne twork  o f  g ray ,  s i l t  loam t h a t  e x t e n d s  downward f rom t h e  A2 h o r i z o n  
(commonly known as  t h e  g r a y  l a y e r )  and d e l i n e a t e s  p r i s m a t i c  s t r u c t u r a l  u n i t s  
( ~ r o s s  e t  a l ,  1959).  
The Gran tsbu rg  s o i  I s  a r e  r e l a t e d  t o  t h e  Hosmer and Ava s o i  I s  o f  
s o u t h e r n  I l l i n o i s  and t h e  Grenada s e r i e s  e x t e n d i n g  southward  f r o m  Kentucky 
i n t o  n o r t h e r n  M i s s i s s i p p i .  F i g u r e  2  i l  l  u s t r a t e s  t h e  a r e a l  d i s t r i  bu l - i on  o f  
v a r i o u s  s o i l s  a s s o c i a t i o n s  i n  s o u t h e r n  I l l i n o i s .  The t e r r a c e  and bot tom-  
l and  s o i  I s  (Area A )  a r e  t h e  presumed m a j o r  l oess  s o u r c e  (Grossman - e t  -, a l  
1959).  However, Beavers (1957)  suggested t h a t  much o f  t h e  f i n e  c l a y s  have 
come f r o m  s c a t t e r e d  a reas  t h r o u g h o u t  t h e  c e n t r a l  U n i t e d  S t a t e s .  I n  t h e  t h i c k e r  
l oess  a r e a s  b o r d e r i n g  t h e  M i s s i s s i p p i  and Wabash r i v e r  v a l l e y s ,  w e a t h e r i n g  o r  
s o i l  development has n o t  p rog ressed  f a r  enough f o r  f r a g i p a n s  t o  have formed; 
however, t h e r e  i s  l i t t l e  doub t  t h a t  s o i l  development i n  t h e s e  t h i c k  l o e s s  
a reas  i s  i n  t h e  d i r e c t i o n  o f  f r a g i p a n  f o r m a t i o n  (Fehrenbacher,  1956).  
The G r a n t s b u r g  s o i  I s  d i f f e r  f r o m  t h e  Ava s o i  I s  i n  h a v i n g  more 
pronounced, more h i g h l y  cemented f r a g i p a n s  and i n  h a v i n g  deve loped 
f r o m  t h i c k  o r  m o d e r a t e l y  t h i c k  l oess  o v e r  bedrock  r a t h e r  t h a n  f rom 
t h i n  l oess  o v e r  leached l l l i n o i a n  t i l l .  They a r e  i n t e r m e d i a t e  i n  
d i s t i n c t n e s s  o f  f r a g i p a n  between t h e  Hosmer and Grenada s o i l s .  
They d i f f e r  f r o m  Hosmer s o i l s  i n  t h e i r  s h a l l o w e r  dep th  t o  t h e  f r a g i -  
pan, t h e i r  more d i s t i n c t  f r a g i p a n  t h a t  has l a r g e r  more pronounced 
p o l y g o n a l  s t r u c t u r e  b l o c k s ,  t h e i r  somewhat g r e a t e r  c l a y  c o n t e n t  i n  
t h e  6 h o r i z o n ,  and t h e i r  l e s s e r  degree o f  base s a t u r a t i o n .  The 
f r a g i p a n  i n  t h e  G r a n t s b u r g  p r o f i l e  i s  more advanced t h a n  t h a t  i n  
t h e  Hosrner s o i  l  s  b u t  n o t  as advanced,, as  t h  t i n  Grenada s o i  l  s .  I n  P t h e  G r a n t s b u r g  p r o f i l e  t h e  g r a y  h o r i z o n  (A2) i s  n o t  s o  t h i c k  and 
t h e  d e s t r u c t i o n  and movement o f  c l a y  i s  o f  a  l e s s e r  degree t h a n  i n  
Grenada s o i l s .  G ran tsbu rg  s o i l s  have g r e a t e r  base exchange capac- 
i t y  and a  l e s s  p rominen t  f r a g i p a n  t h a n  t h e  Grenada s e r i e s  
( McCormack, 1 960 . 
An o f f i c i a l  d e s c r i p t i o n  o f  a  c u l t i v a t e d  G r a n t s b u r g  i s  g i v e n  below 
(McCormack, 1960). 
S o i l  P r o f i l e .  Gran tsbu rg  s i l t  loam c u l t i v a t e d .  

Brown (IOYR 4/31 s i l t  loam; weak f i n e  crumb s t r u c t u r e ;  f r i -  
a b l e ;  s t r o n g l y  a c i d .  
Brown (IOYR 5/31 s i l t  loam; medium p l a t y  s t r u c t u r e ;  s t r o n g l y  
a c i d .  4  t o  8  i nches  t h i c k .  
S t r o n g  brown (7.5YR 5 /61 l i g h t  s i l t y  c l a y  loam; modera te  t o  
s t r o n g  medi um subangu la r  b l o c k y  s t r u c t u r e ;  s t r o n g l y  a c i d .  
6  t o  10 inches t h i c k .  
Y e l l o w i s h  brown (IOYR 5/61 l i g h t  s i l t y  c l a y  loam; modera te  
medium subangu la r  b l o c k y  s t r u c t u r e ;  few iron-manganese con- 
c r e t i o n s ;  s t r o n g l y  a c i d .  5  t o  8  i nches  t h i c k .  
Brown (IOYR 5/31 l i g h t  s i l t y  c l a y  loam t o  s i l t  loam mixed 
w i t h  l i g h t  g r a y  (IOYR 7/21; t h e  I l g h t  g r a y  i s  t h e  c o l o r  o f  
b o t h  c o a t i n g s  and seams and sometimes f ragmen ts  o f  i r r e g u l a r  
shape; brown i s  t h e  c o l o r  o f  nodu les  o n  modera te  medium sub- 
a n g u l a r  b l o c k y  peds; some v e r y  d a r k  g r a y i s h  brown (IOYR 3/2-1 
iron-manganese c o n c r e t i o n s ;  s t r o n g l y  a c i d .  3  t o  5 inches 
t h i c k .  
Dark  brown (7.5YR 4/4-4/61 t o  d a r k  ye1 l o w i s h  brown (IOYR 
4/41 s i l t y  c l a y  loam h i g h l y  m o t t l e d  w i t h  l i g h t  g r a y  (IOYR 
4/21; weak coa rse  p r i s m a t i c  s t r u c t u r e  b r e a k i n g  i n t o  moderate 
medium subangu la r  t o  a n g u l a r  b l o c k s ;  p o l y g o n a l  c r a c k s  I t o  
2  i nches  w ide  f i l l e d  w i t h  l i g h t  g r a y  (IOYR 7/11 m a t e r i a l  
u s u a l l y  e x t e n d  f rom below t h r o u g h  t h e  B '2  i n t o  t h e  A f 2 ;  d a r k  
brown (7.5YR 4/41 c l a y  f i l m s  on  peds, some i r o n  manganese 
c o n c r e t i o n s ;  s t r o n g l y  a c i d .  8  t o  12 i nches  t h i c k .  
Y e l l o w i s h  brown (IOYR 5/4-5/61 heavy s i l t  loam m o t t l e d  w i t h  
l  i g h t  g r a y  (IOYR 7/21; weak c o a r s e  b l o c k y  t o  subangu la r  
b l o c k y  s t r u c t u r e  w i t h  p o l y g o n a l  c r a c k s  s i m i  l a r  t o  h o r i z o n  
above; some c l a y  f i l m s ;  s t r o n g  a c i d .  8 t o  12 i nches  t h i c k .  
C ' 45-55"+ Brown (IOYR 5/31 t o  y e l l o w i s h  brown (IOYR 5/41 s i l t  loam 
m o t t l e d  w i t h  l i g h t  g r a y  (IOYR 7/1; n e a r l y  massive,  b r e a k i n g  
i n t o  l a rge ,  i r r e g u l a r  shaped, compact and dense c l o d s  wh ich  
when d r y  a r e  s t r o n g l y  cemented and v e r y  hard;  po l ygona l  
c r a c k s  o r  g r a y  channe ls  p r e s e n t  and e x t e n d  below t h i s  h o r i z o n  
b u t  become n a r r o w e r  and l e s s  r e g u l a r  a t  g r e a t e r  depths ;  
s t r o n g l y  a c i d .  
The p r i m e  n o t a t i o n  i s  used t o  i d e n t i f y  h o r i z o n s  wh ich  a r e  p a r t  o f  t h e  f r a g i p a n  
sequence. 
A  summary o f  s o i l  c h a r a c t e r i s t i c s  de te rm ined  f rom samples t a k e n  18 
f e e t  f r o m  P l o t  No. 2  a r e  g i v e n  i n  T a b l e  2. B u l k  d e n s i t y  samples were d e t e r -  
mined f rom f o u r  r e p ! i c a t i o n s  u s i n g  a  k i n g  t u b e .  S o i l  f r a c t i o n s  were 
T a b l e  2. Mechan ica l  a n a l y s i s ,  b u l k  d e n s i t y ,  a v a i l a b l e  w a t e r - h o l d i n g  c a p a c i t y ,  and p e r c e n t  m o i s t u r e  
r e t a i n e d  a t  t e n s i o n s  o f  1/10, 1/3, 1.12, 2, 3, 6, 9, 12, and 15 atmospheres.  
Avai  I -  
B u l k  above Atmospheres o f  t e n s i o n  
Depth d e n s i t y  Sand S i  I t  C l a y  w a t e r  I /  10 1/3 1.12 2  3  6  9  12 15 
l  nches - - -  P e r c e n t -  - - l nches 
de te rm ined  u s i n g  t h e  hydrometer  method (Buoyoucos, 1951) f o r  c l a y ,  a  No. 325 
s e i v e  f o r  sands, and t h e  r e s i d u a l  f o r  s i  I t .  M o i s t u r e  c o n t e n t s  a t  1/10, 1/3, 
1.12, 2, 3, 6, 9, 12, and 15 atmospheres were de te rm ined  on  pressure-membrane 
and p r e s s u r e - p l a t e  equipment a f t e r  R i c h a r d s  (1954 ) .  A  f r a g i p a n  t r a n s e c t  p a r a l -  
l e l  t o  and 3  f e e t  f r o m  P l o t  No. 2  i s  shown i n  F i g .  3. The f r a g i p a n  was l o -  
c a t e d  by a  s o i l  t u b e  u s i n g  r e s i s t a n c e  and v i s u a l  s o i l  c r i t e r i a .  
The p e r m e a b i l i t y  o f  t h e  G r a n t s b u r g  s o i l s  i s  r e p o r t e d  t o  be v e r y  s low  
(McCormack, 1960). The l e a s t  permeable f r a g i p a n  l a y e r  had a  h y d r a u l i c  conduc- 
t i v i t y  o f  0.03 i n c h  p e r  hour,  w i t h  s o i l  above t h e  f r a g i p a n  r a n g i n g  f r o m  0.10 
t o  0.20 i n c h  p e r  hour .  Boggess (1963)  has shown s i g n i f i c a n t  d i f f e r e n c e s  
( T a b l e  3 )  among t h e  s o i l s  w i t h  h3rdwood, p i n e ,  and abandoned f i e l d  v e g e t a t i o n  
i n  t h e  s u r f a c e  l a y e r s .  
T a b l e  3. H y d r a u l i c  c o n d u c t i v i t y  under  t h r e e  v e g e t a t i v e  c o v e r s .  
Depth 
f rom H y d r a u l i c  c o n d u c t i v i t y ,  i nches  p e r  h o u r  
s u r f a c e ,  Abandoned 
i nches Hardwood P i n e  f i e l d  
The p o r e  space r e l a t i o n s h i p s  have a l s o  been i n v e s t i g a t e d  by Boggess 
and a r e  shown below under  t h r e e  v e g e t a t i v e  c o v e r s  ( F i g .  4 ) .  "The uneroded 
hardwood s i t e  i s  used as a  s tanda rd ,  and t h e  d a t a  f rom t h e  p i n e  and abandoned 
f i e l d  s i t e s  a r e  r e f e r e n c e d  t o  c o r r e s p o n d i n g  depths  o f  t h e  fo rmer .  R e t e n t i o n  
and d e t e n t i o n  s t o r a g e  c a p a c i t i e s  f o r  each s i t e  a r e  shown i n  F i g u r e  5." 
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RETENT l ON DETENT l  ON 
Type o f  m o i s t u r e  s t o r a g e  
EROS l  ON RAT l  lNG 
Hardwood s i t e  . . . . . . . . . . . . . None 
P i n e  s i t e  . . . . . . . . S l i g h t  t o  moderate 
Broomsedge s i t e  . . . . . . Modera te  t o  seve re  
F i g .  5. M o i s t u r e  s t o r a g e  ( d r y  w e i g h t  b a s i s )  and e r o s i o n  
r a t i n g  o f  a  G r a n t s b u r g  s i l t  loam under  t h r e e  
v e g e t a t  i ve  cove rs .  
PLOT TECHhl l  QUE 
The e x p e r i m e n t a l  p l o t s  were l o c a t e d  i n  a  20-year -o ld  p l a n t a t i o n  
( 6  x  6  f o o t  s p a c i n g )  o f  l o b l o l l y  p i n e  ( P i n u s  t a e d a  L . ) .  The a rea  known l o -  
c a l l y  as t h e  "Cate P ines "  i s  l o c a t e d  n e a r  t h e  warehouse complex o f  t h e  D ixon  
S p r i n g s  A g r i c u l t u r a l  C e n t e r  and i s  a p p r o x i m a t e l y  2  m i l e s  n o r t h w e s t  o f  t h e  
Lake G l e n d a l e  Watershed (37' 25 '  N. L a t i t u d e ;  88' 40 '  W.  L o n g i t u d e ) .  
Each p l o t  measured 18' x  36 '  w i t h  t h e  l ong  a x i s  p a r a l l e l  t o  t h e  s l o p e .  
P l o t s  were i s o l a t e d  f rom t h e  s u r r o u n d i n g  a r e a  by a  mach ine-cu t  t r e n c h ,  3  
i nches  w ide  and a p p r o x i m a t e l y  36 i nches  deep ( o r  w e l l  i n t o  t h e  f r a g i p a n ) .  An 
8-mi l  v i n y l  s h e e t  was t h e n  p l a c e d  a g a i n s t  t h e  p l o t  w a l l ,  and t h e  t r e n c h  was 
b a c k - f i l l e d  w i t h  t h e  o r i g i n a l  s o i l .  A  p i t  4 '  wide, 18' long, and 4 '  deep was 
excava ted  a t  t h e  downslope end o f  each p l o t  t o  a l l o w  i n s t a l l a t i o n  o f  meta l  
c o l l e c t i n g  t r o u g h s  a t  t h e  s o i l  s u r f a c e  and t h e  t o p  o f  t h e  s i l t  pan. The 
downslope p l o t  f a c e  was a l s o  s e a l e d  w i t h  p l a s t i c  and h e l d  i n  p l a c e  by a  p l y -  
wood w a l l  suppor-fed j u s t  above t h e  l ower  t r o u g h  l i p  by wedge b r a c i n g .  T h i s  
p r e v e n t e d  s lump ing  o f  t h e  p l o t  f a c e  and d i r e c t e d  s u b s u r f a c e  f l o w  i n t o  t h e  
l ower  c o l  l e c t i o n  t r o u g h .  
Water  was app l  i e d  t h r o u g h  p e r f o r a t e d  p l a s t i c  hose i n s t a l  l e d  around 
t h e  p e r i m e t e r  o f  each p l o t  and o r i e n t e d  f o r  even d i s t r i b u t i o n  o f  t h e  " a r t i f i -  
c i a l  r a i n f a  l  l  .'I The amount o f  w a t e r  app l  i e d  was c o n t r o l  l e d  by a  p r e s s u r e  
gauge and a  Rockwe l  l  w a t e r  me te r .  Th ree  access t u b e s  f o r  t h e  Nuc l  ear-Ch i cago 
n e u t r o n  p robe  were i n s t a l  l e d  i n  an a t t e m p t  t o  m o n i t o r  t h e  downward movement 
o f  w a t e r .  S u r f a c e  r u n o f f  was d i v e r t e d  t o  a  s t i  l  l  i ng and r e c o r d i  ng "we1 I "  ap- 
p a r a t u s  l o c a t e d  s u f f i c i e n t l y  downslope. Subsu r face  f l o w  was c o l l e c t e d  i n  a  
r e c o r d i n g  r a i n  gauge i n s t a l l e d  i n  a  p i t ,  15 f e e t  downslope i n  one case, and 
i n  t h e  p l o t  access p i t  i n  t h e  o t h e r .  The measurement t e c h n i q u e s  a r e  d i s -  
cussed f u r t h e r  i n  t h e  Appendix.  A  p i c t o r i a l  r e c o r d  o f  a  p l o t  i n s t a l l a t i o n  
i s  shown i n  F i g s .  15 t h r o u g h  22 i n  t h e  Appendix.  
The f i r s t  p l o t  ( P l o t  No. I )  was l o c a t e d  on  a  lower,  6  p e r c e n t  s lope ,  
and t h e  second p l o t  ( P l o t  No. 2 )  on an upper, 7.5 p e r c e n t  s l o p e .  Two t e s t  
" runs "  i n  t h e  f a l l  o f  1965, when o n l y  subsu r face  f l o w  was measured, y i e l d e d  
t h e s e  r e s u l t s  i n  p e r c e n t  o f  t o t a l  r a i n f a l l :  P l o t  No. 1 ,  19.90 p e r c e n t  and 
21.29 p e r c e n t  s u b s u r f a c e  f low;  P l o t  No. 2, 21.37 p e r c e n t  and 7.66 p e r c e n t  
s u b s u r f a c e  f l o w .  R a i n f a l l  i n f i l t r a t e d  t h e  s o i l  and p e r c o l a t e d  downward 
u n t i l  c a p i l l a r y  p o r e  space was s a t i s f i e d  and s u b s u r f a c e  f l o w  began. The l ow-  
f i g u r e  f o r  t h e  second r u n  o f  P l o t  No. 2  was due t o  a  l e a k  wh ich  was c o r r e c t e d  
i n  t h e  summer o f  1966. L a t e r  runs  on  P l o t  No. 2  were a l l  i n  t h e  20 p e r c e n t  
range.  S u b f r e e z i n g  tempera tu res  p r e v e n t e d  any f u r t h e r  r u n s  i n  1965. D u r i n g  
t h e  w i n t e r ,  i n t e r n a l  c r a c k s  f r o m  f r e e z i n g  and t h a w i n g  deve loped i n  P l o t  No. I .  
Runs d u r i n g  t h e  summer o f  1966 r e s u l t e d  i n  t h e  q u i c k  appearance o f  subsu r face  
f l o w  and g r e a t e r  r a t e s  o f  t r a n s m i s s i b i l i t y  t h a n  t h o s e  o f  t h e  s t a b l e  P l o t  
hlo. 2  when c o r r e c t e d  f o r  p r o f i  l e  dep th  and h y d r a u l i c  g r a d i e n t .  Upon disman- 
t e l i n g  t h e  p l o t s ,  t h e  d i s t u r b e d  a rea  i n  P l o t  No. I  appeared t o  be c o n c e n t r a t e d  
n e a r  t h e  o u t f l o w  c o r n e r  o f  t h e  s u b s u r f a c e  c o l l e c t i o n  t r o u g h .  T h i s  c o u l d  ex- 
p l a i n  t h e  q u i c k  appearance o f  s u b s u r f a c e  f l o w  and c h a n n e l i n g  o f  s u r f a c e  w a t e r  
t o  t h e  s u b s u r f a c e  t r o u g h .  Because o f  t h e  f a u l t i n g  i n  P l o t  No. I ,  hydrograph 
a n a l y s i s  was o n l y  done f o r  P l o t  hlo. 2. As a  m a t t e r  o f  r e c o r d ,  a  t a b u l a r  sum- 
mary o f  f l o w  components i s  g i v e n  f o r  b o t h  p l o t s .  
RESULTS AND DISCUSSION 
T o t a  l  Subsu r face  Flow 
A  summary o f  t h e  f i e l d  da ta  f o r  P l o t  Nos. I and 2  i s  shown i n  
T a b l e  4. The s i g n i f i c a n t  c o n t r i b u t i o n  o f  s u b s u r f a c e  f l o w  o v e r  t h e  f r a g i p a n  
i s  shown i n  Column 6. F o r  t h e  s h a l l o w e r  P l o t  No. 2, t h e  t o t a l  s u b s u r f a c e  
f l o w  accoun ts  f o r  19.7 p e r c e n t  o f  t h e  a p p l i e d  r a i n f a l l ;  and on  t h e  deeper, 
d i s t u r b e d  P l o t  No. I ,  s u b s u r f a c e  f l o w  accoun ts  f o r  24.4 p e r c e n t  o f  t h e  
r a i n f a l  I .  
T r a n s m i s s i b i  l  i t y  
Because o f  t h e  p l o t  t e c h n i q u e  used, t h e  s u b s u r f a c e  f l o w  can b e s t  
be d e s c r i b e d  by t h e  t r a n s m i s s i b i l i t y  o f  t h e  s o i l  mass above t h e  f r a g i p a n .  
The c o e f f i c i e n t  o f  t r a n s m i s s i b i l i t y ,  a  h y d r a u l i c  g roundwa te r  term, i s  de- 
f i n e d  a s :  " t h e  r a t e  o f  f l o w  o f  water ,  i n  g a l l o n s  p e r  day, t h r o u g h  a  v e r t i -  
c a l  s t r i p  o f  t h e  a q u i f e r  I f o o t  w ide  and e x t e n d i n g  t h e  f u l l  s a t u r a t e d  
t h i c k n e s s  under  a  h y d r a u l  i c  g r a d i e n t  o f  I f o o t  p e r  f o o t  a t  t h e  p r e v a i  l  i n g  
t e m p e r a t u r e  o f  t h e  wa te r "  (Wal ton,  1962).  The c o e f f i c i e n t  o f  t r a n s m i s s i -  
b i l i t y  i s  shown i n  Column I I .  The average c o e f f i c i e n t  i s  238 g a l l o n s  p e r  
day t h r o u g h  a  I - f o o t  wide v e r t i c a l  s e c t i o n  o f  s o i l  2 '  1 "  deep. The a c t u a l  
amount o f  w a t e r  t r a n s m i t t e d  t h r o u g h  t h e  s a t u r a t e d  s o i l  mass averaged 35.58 
g a l l o n s  p e r  day ( h y d r a u l i c  g r a d i e n t  o f  0.1495 f o o t  p e r  f o o t ) .  Over  t h e  
ranges o f  s o i l  dep th  t o  f r a g i p a n  and s lope ,  t h e  G r a n t s b u r g  s o i l s  under  p i n e  
f o r e s t  and s a t u r a t e d  c o n d i t i o n s ,  can be expec ted  t o  y i e l d  f r o m  7  t o  120 
g a l l o n s  p e r  day, w i t h  an average range o f  39 t o  67 g a l l o n s  p e r  day. T h i s  
f l o w  appears  e i t h e r  i n  t h e  s t ream channe ls  o r  i s  f o r c e d  t o  t h e  s u r f a c e  
where eroded s  l  opes i n t e r s e c t  t h e  f r a g  i pan. 
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H y d r a u l i c  C o n d u c t i v i t y  
The amount o f  w a t e r  a p p l i e d  and measured as  e i t h e r  s u r f a c e  o r  sub- 
s u r f a c e  f l o w ,  as w e l l  as e v a p o t r a n s p i r a t i o n ,  was measured i n  g a l l o n s ;  
however, t h e  r u n o f f  hyd rog raphs  were c o n v e r t e d  t o  an a r e a  b a s i s  and a r e  
p r e s e n t e d  i n  i nches  p e r  hou r .  
The f o u r  hydrographs o f  P l o t  No. 2  a r e  shown by s e m i - l o g a r t h m i c  
p l o t s  i n  F i g s .  6 t h r o u g h  9. P e r t i n e n t  t i m e  i n f o r m a t i o n  i s  summarized i n  
T a b l e  5. The r a t h e r  q u i c k  o c c u r r e n c e  t i m e s  f o r  J u l y  19 a r e  due t o  s o i l  
m o i s t u r e  c o n d i t i o n s  n e a r  f i e l d  c a p a c i t y  as  r e f l e c t e d  i n  t h e  four -day  an te -  
c e d e n t  p r e c i p i t a t i o n  o f  1.5 inches,  w i t h  0 .40  i n c h  f a l l i n g  o n  t h e  morn ing  . 
o f  t h e  19 th .  
Peak f l o w  r a t e s  a r e  g i v e n  i n  T a b l e  6, Peak f l o w  r a t e s  c u l m i n a t e d  
a round  10 p.m. o r  l a t e r ,  and hence e v a p o t r a n s p i r a t i o n  i s  c o n s i d e r e d  neg l  i -  
g i b l e .  These i nch -pe r -hou r  r a t e s  may be c o n s i d e r e d  as h y d r a u l i c  c o n d u c t i v i t y  
va lues ,  a l t h o u g h  t h e y  were n o t  de te rm ined  by t h e  s tanda rd ,  smal I-sample, 
f i e l d  o r  l a b o r a t o r y  methods. The ave rage  i n f  i l t r a t i o n  r a t e  f o r  t h e  t o t a l  
s o i l  mass was 0.092 i n c h  p e r  hour,  wh ich  ag rees  w i t h  VanDoren and K i n g b e l l ' s  
(1949)  range  o f  0.09 and 0.17 i n c h  p e r  h o u r  f o r  t h e  2- t o  5 - i n c h  and 9- t o  
12- inch s o i l  depths ,  r e s p e c t i v e l y .  The h y d r a u l i c  c o n d u c t i v i t y  o f  t h e  f r a g i -  
pan averaged 0.028 i n c h  p e r  hou r .  T h i s  i s  i n  e x c e l l e n t  agreement w i t h  
Van Doren and K l i n g b e l l ' s  f i g u r e  o f  0.03.  Smi th  and Browning (1946)  r e p o r t e d  
f r a g i p a n  h y d r a u l i c  c o n d u c t i v i t y  v a l u e s  r a n g i n g  f r o m  0.01 t o  0.10 i n c h  p e r  
h o u r  f o r  lump samples o f  mass ive  and l am ina ted  s t r u c t u r e  i n  West V i r g i n i a  
s o i l s .  W i n t e r s  and Simonson (1951)  r e p o r t e d  a  0.02 i n c h  p e r  h o u r  f o r  
samples o f  t h e  more s t r o n g l y  deve loped f r a g i p a n  i n  t h e  Grenada s o i l  s e r i e s  
o f  w e s t e r n  Kentucky  and Tennessee. 
The amount and c h a r a c t e r  o f  t h e  p o r e  space w i l l ,  a l o n g  w i t h  f l u i d  
p r o p e r t i e s  and h y d r a u l i c  g r a d i e n t s ,  d e t e r m i n e  t h e  h y d r a u l i c  c o n d u c t i v i t y  o f  
- 





T a b l e  5. Time c h a r a c t e r i s t i c s  o f  P l o t  No. 2 hydrographs.  
Time f rom 
Time f rom r a i n f a i  I  T i  me f rorn Four-day 
r a i n f a l  I i n i t i a t i o n  Time f rom r a i n -  s u r f a c e  an tecedan t  
i n i t i a t i o n  t o  t o  sub- fa1  l t o  nea r  peak t o  sub- r a i n f a i  I ,  
Date  s u r f a c e  f  OW s u r f a c e  f l o w  hydrograph peak s u r f a c e  peak inches  
J u l y  19 45 rnin. I hr . ,  10 rnin. 7 hrs . ,  50 rnin. 55 rnin. 1.50 
J u l y  26 I h r . ,  1 5 r n i n .  I h r . ,  40 rnin. 10 hrs . ,  50 rnin. 35 min. 0.65 
August  3 I h r . ,  30 rnin. 3 hrs . ,  30 rnin. 10 hrs . ,  30 rnin. 40 rnin. 0.50 
August  23 I hr . ,  40 rnin. 3 hrs. ,  30 rnin. 10 h rs . ,  50 rnin. 40 rnin. 0.55 
Table 6. Saturated, peak r a t e s  o f  f l ow .  
Date 
Source o f  f l ow J u l y  19 J u l y  26 August 3 August 23 
- - - - - - -  Rate i n  inches pe r  hour- - - - - - - - 
Ra in fa l  l appl ied  0.360 0.315 0.350 0.31 5 
Sur face f l ow  0.285 0.205 0.250 0.220 
To ta l  subsur face 
f l ow 0.075 0.1 I 0  0.100 0.095 
Subsurface f l ow  
above t h e  
f rag i pan 0.069 0.069 0.070 0.060 
Subsurface f l ow  
through t h e  
f rag i pan 0.006 0.041 0.030 0.035 
3  3  
a  s o i l .  As no ted  p r e v i o u s l y ,  Boggess has shown long - te rm d i f f e r e n c e s  i n  p o r e  
space a s s o c i a t e d  w i t h  t h r e e  v e g e t a t i o n a l  c o v e r  t y p e s .  H y d r a u l i c  c o n d u c t i v i t y  
o f  t h e  re1 a t i v e l y  permeable upper  s o i  l l a y e r s  s t r o n g l y  r e f l e c t e d  t h e s e  d i  f f e r -  
e n t  p o r e  space r e l a t i o n s h i p s .  Abandoned and c u l t i v a t e d  f l e l d s  w i t h  modera te  
e r o s i o n  can be expec ted  t o  produce g r e a t e r  s u r f a c e  r u n o f f  t h a n  uneroded hard-  
wood f o r e s t s .  Sma l  l  r u n o f f  p l o t s  under  hardwood c o v e r  would p r o b a b l y  n o t  
r e f l e c t  a  decrease i n  s u r f a c e  f l o w  due t o  t h e  s h i n g l e  a c t i o n  o f  hardwood 
l i t t e r ;  however, t h i s  seldom becomes a  f a c t o r  o n  l a r g e  d r a i n a g e s  because 
t o p o g r a p h i c  changes p r o v i d e  an o p p o r t u n i t y  f o r  s t o r m  w a t e r  moving o v e r  t h e  
l i t t e r  t o  pass i n t o  t h e  s o i l  a t  some p o i n t  b e f o r e  t h e  s t ream i s  reached 
(Hursh and Hoover, 194 1 1 .  
Recess ion  o f  Subsu r face  Flow 
The d i s c h a r g e  o f  s u b s u r f a c e  m o i s t u r e  above t h e  f r a g i p a n  f o l l o w s  t h e  
t decay e q u a t i o n  A  = QoK (Barnes,  19391, where Q  and Qo a r e  v a l u e s  o f  t h e  t t 
d i s c h a r g e  a t  any two  i n s t a n t s  s e p a r a t e d  by t h e  t i m e  i n t e r v a l  I-, and K i s  a  
c o n s t a n t  known as t h e  d e p l e t i o n  f a c t o r .  The mean r e c e s s i o n  l e g  o f  s u b s u r f a c e  
f l o w ,  p l o t t e d  on  r e c t a n g u l a r  c o o r d i n a t e s ,  i s  shown i n  F i g .  10. A  f i t  
(r2 = 0.933) o f  t h e  s i n g l e  e x p o n e n t i a l  decay e q u a t i o n 1  i s  a  reasonab le  ex- 
p r e s s i o n  o f  t h e  r e c e s s i o n  c u r v e  f rom t h e  p l o t s  e x c e p t  t h a t  i t u n d e r e s t i m a t e s  
t h e  i n i t i a l  d ischarge(maximum c o n d u c t i v i t y ) .  On f i r s t  examina t i on ,  t h i s  
wou ld  sugges t  t h a t  t h e  p l o t  d e s i g n  may be such t h a t  w a t e r  channe led t h r o u g h  
c r e v i c e s  o r  a l o n g  t h e  p l o t  s i d e s  may y i e l d  peak r a t e s  above t h e  n a t u r a l  r a t e s  
expec ted  t o  occu r ;  however, t h e  agreement o f  "hyd rau  l i c  c o n d u c t  i v  i t y "  va l  ues 
l ~ a t a  a n a l y z e d  by  IBM 7094 d i g i t a l  computer  u s i n g  Dr .  S. G. Carmer 's  program, 
" E s t i m a t i o n  o f  pa ramete rs  i n  l i n e a r  and n o n - l i n e a r  regress ion-mode l  number 
3  ," Depar tment  o f  Agronomy, Un i v e r s  i t y  o f  I l  l  i n o i  s .  
w i t h  t h o s e  r e p o r t e d  by o t h e r  a u t h o r s  does n o t  s u p p o r t  t h i s  argument.  The 
p l o t s  "seasoned" f o r  n e a r l y  a  y e a r  b e f o r e  t h e  f i n a l  runs  were made, and t h e r e  
was no v i s u a l  ev idence  o f  c h a n n e l i n g  e i t h e r  d u r i n g  t h e  r u n s  o r  upon examina- 
t i o n  o f  t h e  p l o t s  a f t e r  t h e y  were d i s m a n t l e d .  
The s i n g l e  e x p o n e n t i a l  e q u a t i o n  was used by Barnes (1939)  t o  d e s c r i b e  
t h e  r e c e s s i o n  o f  storm-seepage f rom a  1,500-square-mile d r a i n a g e .  F u l l y  s a t u r -  
a t e d ,  e q u i l i b r i u m  c o n d i t i o n s  o f  t h e  p l o t  s t u d y  c o u l d  h a r d l y  be expec ted  o n  
such a  l a r g e  d r a i n a g e .  On t h e  o t h e r  hand, sma l  l  d r a i n a g e s  o n  s h a l  low G r a n t s -  
b u r g  s o i l s ,  such as t h e  Lake G l e n d a l e  Watershed, c o u l d  e a s i l y  reach comp le te  
s a t u r a t i o n  d u r i n g  l a r g e  s torms,  p a r t i c u l a r l y  d u r i n g  t h e  w i n t e r  and e a r l y  
s p r i n g  when s o i l  m o i s t u r e  s t o r a g e  i s  c o m p l e t e l y  s a t i s f i e d .  A  p r o b a b l e  ex-  
p l a n a t i o n  o f  t h e  d e v i a t i o n  o f  peak f l o w  v a l u e s  f r o m  t h e  e s t i m a t e d  va lues  i s  
t h e  f a c t  t h a t  t h e  p l o t s  reached e q u i l i b r i u m  under  a  c o n s t a n t  h y d r a u l i c  head 
wh ich  would y i e l d  a  h i g h e r  r a t e  o f  c o n d u c t i v i t y  t h a n  p r e d i c t e d  by t h e  e q u a t i o n .  
The decay e q u a t i o n  d e s c r i b e s  d r a i n a g e  f r o m  a  porous medium and wou ld  n o t  ac- 
c o u n t  f o r  any a d d i t i o n a l  h y d r o s t a t i c  f o r c e s  caused by t h e  c o n s t a n t  s u r f a c e  
r u n o f f  . 
The b e g i n n i n g  o f  t h e  r e c e s s i o n  c u r v e  can be b e t t e r  e s t i m a t e d  by add- 
i ng a  second e x p o n e n t i a l  t e rmZ t o  t h e  f i r s t ,  g i v i n g  t h e  genera l  e q u a t i o n  
t t Qt = A I K l  + A2Kz, where t h e r e  a r e  two  A  and two  K  c o n s t a n t s .  The f i t t e d  
e q u a t i o n ,  Qt = ( . 0 3 7 5 9 ) ( . 9 0 0 8 9 ) ~  + ( . 0 2 9 4 1 ) ( . 2 8 8 7 0 ) ~ ,  gave an e x c e l  l e n t  f i t  
( r Z  = 0.989) o f  a l  l  t h e  data ,  b r i n g i n g  t h e  e s t i m a t e d  peak d i s c h a r g e  up t o  
0.06700 i n c h  p e r  h o u r  ( F i g .  I l l .  The a d d i t i o n  o f  t h e  second e x p o n e n t i a l  
t e r m  s i g n i f i c a n t l y  (P>0.01)  reduced t h e  r e s i d u a l  sum o f  squares,  and t h e  
L Data ana lyzed  by IBM 7094 d i g i t a l  computer ,  u s i n g  Dr .  S. G. Carmer 's  program, 
" E s t i m a t i o n  o f  pa ramete rs  i n  l i n e a r  and n o n - l i n e a r  regression--model  number 
F9, " Department  o f  Agronomy, Un i v e r s  i t y  o f  I l l  i no i s  . 
t T I M E  ( H O L I R S )  
p o o l e d  v a r i a n c e  o f  t h e  f o u r  r e p l i c a t i o n s  a t  each t i m e  p e r i o d  was 0.00000259. 
D i s c h a r g e  v a l u e s  v a r i e d  f rom a  peak o f  0.07 t o  a  low o f  0.0008 i n c h  p e r  hou r  
a f t e r  36 hou rs  o f  d r a i n a g e .  
A Comparison w i t h  t h e  Lake G l e n d a l e  Watershed 
D i r e c t  compar isons  f rom a  p l o t  t o  a  watershed a r e  v e r y  d i f f i c u l t .  
The prob lems i n v o l v e d  can be grouped i n t o  t h r e e  b road  a reas :  ( I )  t h e  v a r i -  
a b i l i t y  o f  s to rms  i n  compar ison w i t h  t h e  u n i f o r m  i n t e n s i t y  and a r e a l  d i s t r i -  
b u t i o n s  o f  t h e  p l o t  r a i n f a l l ;  ( 2 )  t h e  blow-up f a c t o r  f r om p l o t  t o  watershed 
assumes homogeneous c o n d i t i o n s  on t h e  watershed;  and ( 3 )  t h e  watershed hydro-  
g raph  i n c l u d e s  channel  c h a r a c t e r i s t i c s  and base f l o w ,  w h i l e  t h e  p l o t  hyd ro -  
g raph  does n o t .  
I n  s p i t e  o f  t h e s e  prob lems,  an a t t e m p t  was made t o  t r a c e  a  s u b s u r f a c e  
r e c e s s i o n  l e g  f o r  i n l e t  hydrographs f r o m  1 .04 squa re  mi l e s  o f  t h e  e n t i r e  Lake 
G l e n d a l e  Watershed. To m i n i m i z e  t h e  e r r o r s  i n v o l v e d ,  t h e  average o f  f o u r  
s to rms,  m e e t i n g  r i g i d  c r i t e r i a ,  was used f o r  t h e  hyd rog raph  s e p a r a t i o n .  The 
s to rms  were 9  hou rs  o r  l o n g e r  i n  d u r a t i o n ,  exceeded 2  i nches  o f  t o t a l  r a i n f a l l ,  
o c c u r r e d  on we t  s o i l  c o n d i t i o n s  as  d e f i n e d  by Boggess e t  a l  (19651, and con- 
t a i n e d  o n l y  one peak. The f o u r  s to rms :  January  20, 1958; J u l y  22, 1958; 
January  21, 1959; and January  15, 1962, were t h e  o n l y  ones mee t ing  t h e s e  
c r i t e r i a  o u t  o f  480 s to rms  f r o m  Oc tobe r  1956 t o  Oc tobe r  1962 (Boggess e t  a l ,  
1965). 
The hyd rog raph  s e p a r a t i o n  ( F i g .  12) shows o n l y  t h e  r e c e s s i o n  l e g  o f  
t h e  combined s t o r m  average.  Basef low was sepa ra ted  by t h e  method d e s c r i b e d  
by Chow (1964)  and was s u b t r a c t e d  f rom t h e  t o t a l  hyd rog raph  t o  y i e l d  d i r e c t  
r u n o f f .  N e x t  t h e  r e c e s s i o n  l e g  o f  s u b s u r f a c e  f l o w  f rom t h e  p l o t ,  expanded 
by an a rea  f a c t o r  and c o n v e r t e d  t o  c f s  ( c u b i c  f e e t  p e r  second) was p l o t t e d  
by t y i n g  t h e  l ower  end i n t o  t h e  t i m e  a s s o c i a t e d  w i t h  t h e  appearance o f  o n l y  
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b a s e f l o w  o n  t h e  watershed hydrograph.  C o n s i d e r i n g  a l l  o f  t h e  prob lems i n  t h i s  
compar ison,  t h e r e  i s  a  remarkab le  f i t  o f  t h e  s u b s u r f a c e  and d i r e c t  r u n o f f  
s e p a r a t i o n s  i n  t h e i r  lower  s t r a i g h t - l i n e  p o r t i o n s  w i t h  o n l y  a  s l i g h t  d i f f e r -  
ence i n  s l o p e .  From t h e  hyd rog raph  s e p a r a t i o n ,  i t appears  t h a t  s u r f a c e  
r u n o f f  l a s t e d  f o r  a p p r o x i m a t e l y  15 h o u r s  and t h a t  s u b s u r f a c e  f l o w  p e r s i s t e d  
f o r  an a d d i t i o n a l  36 t o  40 h o u r s  b e f o r e  t h e  s t r e a m  r e t u r n e d  t o  b a s e f l o w  con- 
d i t i o n s .  S tage hydrographs f o r  t h e  e n t i  r e  Lake Glenda l e  Watershed (2.1 1 
squa re  m i l e s )  f o l l o w  t h i s  gene ra l  t i m e  p a t t e r n  f o r  s to rms  f a l l i n g  d u r i n g  
p e r i o d s  when s o i  l m o i s t u r e  s t o r a g e  i s  s a t i s f  ied- - "wet  s o i  l  I' s to rms  as de- 
s c r i b e d  by Boggess e t  a l  ( 1965 ) .  
CONCLUSIONS 
Based on  p l o t  d e t e r m i n a t i o n s ,  s u b s u r f a c e  f l o w  p r o v i d e s  a  s i g n i f i c a n t  
component o f  t h e  t o t a l  w a t e r  y i e l d ,  c o m p r i s i n g  29 p e r c e n t  o f  t h e  d i r e c t  run -  
o f f  and a b o u t  o n e - f i f t h  o f  t h e  t o t a l  wa te r ,  a p p l i e d  as a r t i f i c i a l  r a i n f a l l  t o  
p l o t s  whose s o i l  m o i s t u r e  s t o r a g e  c a p a c i t y  was s a t i s f i e d .  Measurab le  subsur -  
f a c e  f l o w  l a s t e d  f o r  36 hours,  f o l  lowed by some " d r i p p i n g "  f o r  an a d d i t i o n a l  
12 hou rs .  These f l o w  p e r i o d s ,  based o n  a  compar ison o f  hydrographs,  appear  
comparab le  t o  t h o s e  o n  t h e  2.11 squa re  m i l e  Lake G l e n d a l e  Watershed d u r i n g  
p e r i o d s  when t h e  s o i l  m o i s t u r e  i s  above f i e l d  c a p a c i t y .  Such c o n d i t i o n s  o c c u r  
d u r i n g  t h e  w i n t e r  and e a r l y  s p r i n g  when e v a p o t r a n s p i r a t i o n  i s  a t  a  minimum. 
Subsur face f l o w  i n  t h e  G r a n t s b u r g  and s i m i  l a r  s o i  l  s e r i e s  i s  caused 
by a  we l l - deve loped  f r a g i p a n  wh ich  impedes t h e  downward movement o f  w a t e r  i n  
t h e  p r o f i l e s .  F o l l o w i n g  r e c h a r g e  d u r i n g  t h e  f a l l  and w i n t e r ,  t h e s e  s o i l s  may 
deve lop a  perched w a t e r  t a b l e ,  wh ich  may cause t i l l a g e  d i f f i c u l t i e s  i f  i t  
p e r s i s t s  i n t o  t h e  s p r i n g  months. 
The f r a g i p a n  a c t s  as a  b a r r i e r  t o  g roundwa te r  recha rge  by r o u t i n g  sub- 
s u r f a c e  f l o w  t o  s t ream channe ls ,  o r  t o  t h e  s o i l  s u r f a c e  on  s e v e r e l y  e roded 
s l o p e s .  As a  r e s u l t ,  g roundwa te r  r e s o u r c e s  o f  t h e  s o u t h e r n  I l l i n o i s  up lands  
a r e  n o t o r i o u s l y  p o o r  and s t r e a m f l o w  i s  v e r y  low o r  n o n e x i s t e n t  d u r i n g  t h e  sum- 
mer and f a l l .  Towns and c i t i e s  away f rom main  wa te rcou rses  o f t e n  depend on  
impoundments t o  p r o v i d e  w a t e r  f o r  t h e i r  needs. Data  f rom o u r  s t u d y  i n d i c a t e  
t h a t  f r om o n e - t h i r d  t o  o n e - f o u r t h  o f  t h e  d i r e c t  r u n o f f  i n t o  such impoundments 
r e s u l t s  f r o m  s u b s u r f a c e  movement o f  wa te r .  
APPEND l  X 
INSTRUMENTATION 
C o l l e c t i o n  System 
C o l l e c t i o n  t r o u g h s  were i n s t a l l e d  a t  t h e  s o i l  s u r f a c e ,  and w e l l  i n t o  
t h e  f r a g i p a n  a t  a  dep th  o f  36 i nches  on  P l o t  hlo. I and 26 i nches  on  P l o t  
No. 2. The s u r f a c e  t r o u g h s  were c o n s t r u c t e d  o f  s h e e t  meta l  as shown i n  
F i g .  13. The f o r w a r d  edge o f  t h e  s u r f a c e  t r o u g h  was i n s e r t e d  by f i r s t  c u t -  . 
t i n g  an e n t r a n c e  s l i t  2 inches deep and d r i v e n  an a d d i t i o n a l  2 i nches  t o  
e f f e c t  a  s e a l .  The t r o u g h - s o i l  i n t e r f a c e  was s e a l e d  w i t h  b l a c k  p l a s t i c  
cement. Troughs were s u p p o r t e d  by s h e l f  b r a c k e t s  on t h e  p lywood f a c i n g .  
The s u b s u r f a c e  t r o u g h s  were i n s e r t e d  i n  a  5 - i n c h  s l i t  c u t  i n  t h e  
p l o t  f a c e  u s i n g  a  c h a i n  saw w i t h  a  used c h a i n  and ba r .  Severa l  sha rpen ings  
o f  t h e  c h a i n  were necessary  i n  o r d e r  t o  m a i n t a i n  a  c l e a n  c u t .  The t r o u g h  
was t h e n  i n s e r t e d  and d r i v e n  i n ,  l e a v i n g  c l e a r a n c e  f o r  t h e  p lywood w a l l .  
Bo th  t r o u g h s  were b u i l t  i n  10 - foo t  s e c t i o n s  and t r a n s p o r t e d  t o  t h e  
p l o t  a rea,  where t h e y  were o v e r l a p p e d  and s o l d e r e d  t o  meet t h e  e x a c t  dimen- 
s i o n  o f  t h e  p l o t .  Copper sc reen  w i r e  cove red  each o u t l e t  and on  t h e  subsur -  
f a c e  t r o u g h  ex tended t h e  f u l l  l eng th ,  b r i d g i n g  t h e  i n t e r i o r  r i g h t  a n g l e  t o  
p r e v e n t  c l o g g i n g  f rom s l o u g h i n g  s o i  I .  I nch  and o n e - h a l f  d r a i n s  were p r o v i d e d  
i n  each t r o u g h  and were reduced t o  r e c e i  ve a  one- i nch i . d. ( i n s i  de d  i a m e t e r )  
l i g h t - w e i g h t  p l a s t i c  hose. The f l e x i b l e  hose was secu red  on  2 x  2 boards  t o  
p r o v i d e  r i g i d i t y  where needed. There was enough g r a d i e n t  f o r  t h e  p i p e  t o  
t a k e  5  g a l l o n s  p e r  m inu te ;  however, a  13- inch o r  l a r g e r  p i p e  wou ld  have g i v e n  
a  much l a r g e r  leeway. Even when suppor ted ,  t h e  p l a s t i c  p i p e  u n d u l a t e d  
enough t o  r e q u i r e  t w i c e  t h e  g r a d i e n t  recommended f o r  s t r a i g h t  p i p e .  
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Measurement o f  A r t i f i c i a l  R a i n f a l l  
The m e t e r i n g  d e v i c e  f o r  r a i n f a l l  i s  shown i n  F i g .  19. The incoming 
p r e s s u r e  was m a i n t a i n e d  a t  40 p s i  o r  b e t t e r  f o r  more a c c u r a t e  m e t e r i n g  o n  t h e  
Rockwel l  Model SR Water Me te rs .  The m e t e r  measures t o  t h e  n e a r e s t  o n e - t e n t h  
g a l l o n  and surpasses t h e  Amer ican Water  Work A s s o c i a t i o n ' s  s p e c i f i c a t i o n s  f o r  
accu racy .  Water  was a p p l i e d  t o  t h e  p l o t  t h r o u g h  p l a s t i c  lawn-soaking hose 
( F i g .  22)  t u r n e d  on  i t s  s i d e  and f a s t e n e d  t o  t h e  p l o t  boundary boards,  6  
i nches  above t h e  ground.  T h i s  a r rangement  p r o v i d e d  good d i s t r i b u t i o n  o f  
m o i s t u r e  on  t h e  p l o t s .  I n i t i a l  " r a i n f a l l "  r a t e s  were e s t i m a t e d  f o r  4- o r  5- 
m i n u t e  i n t e r v a l s  o n  t h e  w a t e r  me te r .  The ave rage  r a t e  used was f o r  t h e  en- . 
t i r e  p e r i o d  o f  m o i s t u r e  a p p l i c a t i o n .  
Measurement o f  S u r f a c e  Runo f f  
The measurement o f  s u r f a c e  r u n o f f  was accompl ished by a  w e i r  and 
w a t e r  s t a g e  r e c o r d e r  appa ra tus .  The i n e x p e n s i v e  dev i ce ,  shown i n  F i g .  20, 
c o n s i s t e d  o f  two 5 5 - g a l l o n  b a r r e l s  i n v e r t e d  and connected by t h e i r  3 /4 - i nch  
o u t l e t s .  One b a r r e l  s e r v e d  as  a  s t i l l i n g  w e l l ,  w h i l e  t h e  o t h e r  p r o v i d e d  
t h e  ca tchment  and 30' w e i r .  The t o p  ( t h e  o r i g i n a l  b o t t o m )  o f  t h e  " w e i r "  
b a r r e l  was c u t  o u t  t o  r e c e i v e  s u r f a c e  r u n o f f .  The t o p  o f  t h e  " s t i  l  l  i ng" 
b a r r e l  was l e f t  i n t a c t  t o  p r o v i d e  a  base f o r  t h e  Stevens Type F  r e c o r d e r ,  and 
a  h o l e  was c u t  f o r  t h e  w e i g h t  and f l o a t .  The Stevens Type F  Model 61 r e c o r d e r  
was equ ipped  w i t h  a  1 : 1  gauge s c a l e ,  p r o v i d e d  by p u l l e y  s h a f t  g e a r  84 and drum 
s h a f t  g e a r  56. The s p r i n g - d r i v e n  c l o c k  was p r o v i d e d  w i t h  c l o c k  s h a f t  g e a r  "A "  
80  and drum s h a f t  g e a r  "B" 20 f o r  a  t o t a l  c h a r t  t i m e  o f  24 h o u r s .  T h i s  i s  t h e  
most  s e n s i t i v e  c o m b i n a t i o n  a v a i l a b l e  u n l e s s  t h e  f a s t e r  (12-, 8-, o r  4 -hou r )  
A. C. c u r r e n t ,  synchronous mo to r  c l o c k  can be used. The 2 - i n c h  o u t l e t  on  one 
o f  t h e  b a r r e l s  was f i t t e d  w i t h  a  v a l v e  f o r  d r a i n a g e .  The e n t i r e  a p p a r a t u s  
was i n s t a l l e d  on  a  c o n c r e t e  base formed t o  r e c e i v e  t h e  3 /4 - i nch  l i n k a g e  and 
- - 
2 - i n c h  d r a i n ,  and a  c o n v e n i e n t  i n t e r m i t t e n t  s t ream p r o v i d e d  t h e  necessary  
g r a d i e n t  f o r  c o l l e c t i n g  t h e  f l o w .  
The b a r r e l s  were c a l  i b r a t e d  i n  two  s t e p s .  The f i r s t  was a  volume 
c a l  i b r a t i o n  w i t h  r e c o r d e r  s t a g e  h e i g h t s  f o r  a  s t o r a g e  c a p a c i t y  o f  a b o u t  
78 g a l  I ons  between an a r b i t r a r y  s t a r t i n g  p o i n t  and t h e  b o t t o m  o f  t h e  w e i r  
n o t c h .  T h i s  c a l i b r a t i o n  was done i n  5 - g a l l o n  i nc remen ts  t o  a l l o w  f o r  i r r e g u -  
l a r i t i e s  i n  t h e  b a r r e l s .  The volume method p r o v i d e d  a  more p r e c i s e  de te rm ina -  
t i o n  o f  i n i t i a l  low f l o w s  t h a n  was p o s s i b l e  by u s i n g  t h e  w e i r .  The i n i t i a l  
s t a r t i n g  p o i n t  was c h i s e l e d  i n t o  t h e  b a r r e l ,  and c a r e  had t o  be t a k e n  i n  
f i  l  l i n g  t h e  b a r r e l s  t o  t h i s  mark: A  s i m p l e r  and more p r e c i s e  method wou ld  be 
t o  i n s t a l l  a  v e r t i c a l  e lbow t o  t h e  d r a i n a g e  v a l v e  and a l l o w  t h e  b a r r e l s  t o  
i n i t i a l l y  d r a i n  t o  t h e  t o p  o f  an a t t a c h e d  s t a n d p i p e .  
The second s t e p  was a  r a t e  c a l i b r a t i o n  f o r  f l o w s  p a s s i n g  t h r o u g h  t h e  
w e i r .  Known r a t e s  f rom 0.5 t o  6.5 g a l l o n s  p e r  m i n u t e  were r u n  i n t o  t h e  w e i r  
b a r r e l ,  and r e s u l t i n g  h e i g h t s  o f  f l o w  were marked o n  t h e  s t a g e  r e c o r d e r .  F o r  
maximum p r e c i s i o n ,  a l l  h e i g h t s  were measured o n  t h e  r e c o r d i n g  c h a r t  w i t h  a  
60 e n g i n e e r s  s c a l e .  The r a t i n g  c u r v e s  ( F i g .  14) f o r  each p l o t  were n e a r l y  
i d e n t i c a l .  The b a r r e l s  were c a l i b r a t e d  b e f o r e  and a f t e r  t h e  s e r i e s  o f  f o u r  
runs ,  and i n  each case t h e  l a t t e r  c u r v e s  were i d e n t i c a l  t o  t h e  i n i t i a l  ones.  
AI l measurements t a k e n  f rom t h e  r e s u l t i n g  hydrograph o f  s u r f a c e  r u n o f f  were 
i n  15-minute i n t e r v a l s  u n l e s s  t h e  change i n  s l o p e  was sha rp  enough t o  w a r r a n t  
74-minute  i n t e r v a l s .  B e r t o n i  e t  a l  (1958)  used s i m i l a r  3 0 ° w e i r s  w i t h  con- 
s t r u c t e d  p l a t e - m e t a l  t a n k s  i n s t e a d  o f  b a r r e l s .  
Measurement o f  Subsu r face  Flow 
Subsu r face  f l o w  was measured i n  r e c o r d i n g  r a i n  gages (S tevens  Record- 
e r s  Type OEV)  l o c a t e d  i n  s e a l e d  p i t s  s u f f i c i e n t l y  deep t o  p r o v i d e  t h e  neces- 
s a r y  g r a d i e n t  f rom t h e  subsu r face  c o l l e c t i o n  t r o u g h s .  The w e i g h i n g  b u c k e t s  
were empt ied  each t i m e  t h e  l i m i t  o f  t h e  r e c o r d i n g  c h a r t  was reached.  A manual 
t i m e  r e c o r d  was a l s o  k e p t  f o r  each empty ing .  D i s c h a r g e  hyd rog raphs  were con- 
s t r u c t e d  by r e c o r d i n g  t h e  t i m e  and volume f o r  each v e r t i c a l  t r a c e  on t h e  drum 
c h a r t ,  o r  i n  t h e  case o f  v e r y  low f l ows ,  each h o u r .  The d a t a  were t h e n  
grouped i n t o  a p p r o x i m a t e l y  h o u r l y  i n t e r v a l s  w i t h  necessary  f i n e r  d i v i s i o n s  
a t  s l o p e  changes. The o r i g i n a l  da ta  were i n  g a l l o n s  p e r  m i n u t e  t o  f i n d  
t o t a l  y i e l d  and were t h e n  c o n v e r t e d  t o  i nches  p e r  h o u r  f o r  hydrograph a n a l y s i s .  
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